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Experimental testingAbstract RC columns often need strengthening to increase their capacity to sustain the applied load.
This research investigates the behavior of RC columns strengthened using steel jacket technique.
Three variables were considered; shape of main strengthening system (using angles, C-sections and
plates), size and number of batten plates. Behavior and failure load of the strengthened columns were
experimentally investigated on seven specimens divided into two un-strengthened specimen and ﬁve
strengthened ones. A ﬁnite element model was developed to study the behavior of these columns.
The model was veriﬁed and tuned using the experimental results. The research demonstrated that
the different strengthening schemes have amajor impact on the column capacity. The size of the batten
plates had signiﬁcant effect on the failure load for specimens strengthened with angles, whereas the
number of batten plates was more effective for specimens strengthened with C-channels. Then, by
using ﬁnite element (F.E) package ANSYS 12.0 [1] their behavior was investigated, analyzed and ver-
iﬁed. Test result showed a good match between both experimental tests and F.E models.
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Center.Introduction
Reinforced concrete structures often require strengthening to
increase their capacity to sustain loads. This strengthening
may be necessary due to change in use that resulted in addi-tional live loads (like change in use of the facility from residen-
tial to public or storage), deterioration of the load carrying
elements, design errors, construction problems during erection,
aging of structure itself or upgrading to conﬁrm to current
code requirements (seismic for example). These situations
may require additional concrete elements or the entire concrete
structure to be strengthened, repaired or retroﬁtted. Common
methods for strengthening columns include concrete jacketing,
ﬁber reinforced polymer (FRP) jacketing and steel jacketing.
All these methods have been shown to effectively increase
the axial load capacity of columns.
Julio Garzo´n-Rocaet et al. [2] presented the results of a ser-
ies of experimental tests on full-scale specimens strengthened
with steel caging including simulation of the beam-column
202 M.F. Belal et al.joint under combined bending and axial loads. Capitals were
applied to all the specimens to connect the caging with the
beam-column joint either by chemical anchors or steel bars.
It was observed that steel caging increases both the failure load
and ductility of the strengthened columns.
Khair Al-Deen Isam Bsisu [3] performed an experimental
and theoretical study on 20 square reinforced concrete col-
umns retroﬁtted with steel jacket technique. All tested speci-
mens were tested under concentric axial loading. The author
concluded that retroﬁtting square reinforced concrete columns
with full steel jackets enhanced the compressive strength more
than double the strength of the original column without retro-
ﬁtting. Also, conﬁnement of reinforced concrete columns with
steel jackets enhanced the ductility of the column.
Pasala Nagaprasad et al. [4] presented a rational design
method to proportion the steel cage considering its conﬁne-
ment effect on the concrete column. An experimental study
was carried out to verify the effectiveness of the proposed
design method and detailing of steel cage battens within
potential plastic hinge regions. The author concluded that
the performance of deﬁcient RC columns under combined
axial and cyclic lateral loading can be greatly improved by
steel caging technique without using any binder material in
the gap between concrete column and steel angles. The pro-
posed design method was found effective and reasonably
accurate. Detailing of end battens of the steel cage located
in the potential plastic hinge region played an important
role in improving the column overall behavior under lateral
loads. The increase in width of end battens signiﬁcantly
enhanced the plastic rotational capacity and its resistance
to lateral loads; however, it had a minor effect on the over-
all energy dissipation potential.
Rosario Montuori et al. [5] presented a theoretical model to
predict the moment curvature behavior of RC columns con-
ﬁned by angles and battens and the validation of the proposed
model by results from experimental testing on 13 specimens
tested under axial force. It was concluded that theoretical
model showed a good ability to predict the behavior of col-
umns strengthened with angles and battens in terms of both
deformation and resistance.
The objective of this research program is to determine the
effect of the following parameters on the behavior of strength-
ened RC column: shape of main strengthening system (using
angles, C-sections and plates), size, and number of conﬁning
batten plates. A comparison is made between the experimental
test results and analytical results obtained through the ﬁnite
element program ANSYS 12.0 [1].Table 1 Reinforced concrete column data for all specimens.
Specimen fcu (N/mm
2) Dimensions (mm)
Col.00 (2 specimens) 34 200 · 200 · 1200
Col.01.L.3P
Col.02.L.6P
Col.03.C.3P
Col.04.C.6P
Col.05.PlExperimental testing
In order to investigate the effect of the above mentioned
parameters on the behavior of strengthened RC column, an
experimental program was carried out to test seven RC col-
umns with concrete compressive strength of fcu = 34 N/mm
2.
Test specimens
All tested columns were 200 · 200 mm in cross-section with
1200 mm height .The specimens were divided into two groups:
the ﬁrst group includes two control specimens without
strengthening and second group includes ﬁve specimens
strengthened with different steel jacket conﬁgurations. Vertical
steel elements (angles, channel and plates) were chosen to have
the same total horizontal cross sectional area. Table 1 gives the
reinforced concrete column data for all specimens while Table 2
gives strengthening details for each specimen. Fig. 1 shows
specimens’ dimensions and steel jacket conﬁguration while
Fig. 2 shows the strengthened specimens after casting and
jacket erection.
Concrete mix and casting
The concrete mix used for grade 34 Mpa is shown in Table 3.
The concrete mixture used was prepared from ordinary
Portland cement, natural sand and crushed natural dolomite
aggregate with maximum nominal size of 10 mm. The test
specimens were vertically cast in wooden forms stiffened by
battens to maintain the form and shape.
Test procedure
The specimens were placed in the testing machine between the
jack head and the steel frame. The strain gages, load cell and
linear voltage displacement transducer (LVDT) were all
connected to the data acquisition system attached to the com-
puter. The load was monitored by a load cell of 5000 kN
capacity and transmitted to the reinforced concrete column
through steel plates to provide uniform bearing surfaces.
Fig. 3 shows a schematic view of the test setup. A controlled
data acquisition system was used to continuously record
readings of the electrical load cell, the two dial gauges of
0.01 mm accuracy (LVDT instruments) that measure the
column horizontal deformations in two perpendicular direc-
tions, the reinforcement strain gages and also the steel jacketRFT
Long bars Stirrups
Type fy (N/mm
2)
4 U 12 mm @ corners 360 N/mm2 6 u 8/m‘
Fig. 1 Specimen dimensions and steel jacket conﬁguration.
Table 2 Strengthening details for each specimen.
Specimen Strengthening conﬁguration
Type Size (mm) Conﬁnement
Original Additional
Col.00 (2 specimen) Reference specimens (Refs. [1,2])
Col.01.L.3P Angles 4 L 50*50*5 3*4 plates 150*100*2 –
Col.02.L.6P Angles 4 L 50*50*5 3*4 plates 150*50*2 3*4 plates 150*50*2
Col.03.C.3P Channels 2C (206*50)/(3.1*3.1) 3*4 plates 150*100*2 –
Col.04.C.6P Channels 2C (206*50)/(3.1*3.1) 3*4 plates 150*50*2 3*4 plates 150*50*2
Col.05.Pl Plates 4 Plates @ 4 sides 4*4 plates 200*2.4 –
Fig. 2 Strenthened specimens after casting and jacket erection.
Table 3 Concrete mixing proportions in kN.
Cement Water Aggregates Sand w/c ratio
360 180 1200 600 0.50
Behavior of reinforced concrete columns strengthened by steel jacket 203strain gages. To ensure that failure will occur in the specimen’s
body not the head, the top and bottom ends of the specimenswere more conﬁned with steel boxes made from 10-mm thick
steel plates. All test records were automatically saved on com-
puter ﬁle for further data manipulation and plotting. All tests
were conducted in The Material laboratory of Housing and
Building National Research Center (HBRC).
Analytical work using ﬁnite element model
The ﬁnite element package ANSYS 12.0 [1] was used to simu-
late the experimental testing by introducing a numerical
model. The tested columns in the experimental work were
modeled to determine the failure loads and strains in each
specimen. Comparison of results between experimental and
F.E was carried out.
Fig. 3 Schematic view of the test setup.
Fig. 4 Uniaxial stress–strain curve [8].
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Fig. 5 Calculated stress–strain relationship for concrete.
Table 4 Summary data for specimen materials.
Item Element type Material
number
Real constant
number
Concrete Solid 65 1 1
Long. bars Link 8 2 2
Trans. bars Link 8 3 3
Steel plates and sections Solid 45 4 –
204 M.F. Belal et al.Deﬁning material properties
Concrete stress strain relationship
The Solid 65 element deﬁning concrete requires linear isotropic
and multi-linear isotropic material properties to properly
model concrete [6,7]. The multi-linear isotropic material uses
the following equations to compute the multi-linear isotropic
stress–strain curve for the concrete [8].
f ¼ Ece=½1þ ðe=e0Þ2 ð1Þ
e0 ¼ 2f0c=Ec ð2Þ
Ec ¼ f=e ð3Þ
Where:
f= stress at any strain e, psi
e= strain at stress f
e0 = strain at the ultimate compressive strength f 0c
The multi-linear isotropic stress–strain implemented
requires the ﬁrst point of the curve to be deﬁned by the user.
It must satisfy Hooke’s Law.
Fig. 4 shows the stress–strain relationship proposed for this
study. This curve was proposed by Kachlakev, et al. [8] which
is deﬁned by 5 points as follows:
Point no.1, deﬁned at 0.30 f0c, is calculated for the stress–
strain relationship of concrete in the linear range (Eq. 3).
Point nos. 2, 3, and 4 are calculated from (Eq. 1) with e0
obtained from (Eq. 2). Strains were selected and the stress
was calculated for each strain.
Point 5 is deﬁned at fc and e0 indicating traditional crushing
strain for unconﬁned concrete.
Fig. 5 shows the stress–strain relationship calculated using
Eqs. (1)–(3).Implementation of material model
Implementation of material model requires different constants
to be deﬁned. Typical shear transfer coefﬁcients range from 0.0
to 1.0, with 0.0 representing a smooth crack (complete loss of
shear transfer) and 1.0 representing a rough crack (no loss of
shear transfer). The shear transfer coefﬁcients for open and
closed cracks were determined by Kachlakev, et al. [8] as a
basis. Convergence problems occurred when the shear transfer
coefﬁcient for the open crack dropped below 0.20 [8].
The uniaxial cracking stress was calculated based upon the
modulus of rupture. This value is determined using Eq. 4.
fr0:60
 ﬃﬃﬃf 0c
p ð4Þ
The uniaxial crushing stress in this model was based on the
uniaxial unconﬁned compressive strength f0c.
Table 5 Material properties for each element.
Material number Element type Material properties
1 Solid 65 Concrete (linear isotropic properties)
Ex 25238.79 N/mm
2
Poisson’s ratio (PRXY) 0.200
Concrete (multi-linear isotropic properties)
Shear coeﬃcient for open shear 0.20
Shear coeﬃcient for closed shear 0.80
Uniaxial tensile stress (N/mm2) 3.4
Uniaxial crushing stress (N/mm2) 34
Biaxial crushing stress (N/mm2) 0
Ambient hydrostatic stress state (N/mm2) 0
Biaxial crushing stress under ambient hydrostatic stress state (N/mm2) 0
Uniaxial crushing stress under ambient hydrostatic stress state (N/mm2) 0
Stiﬀness multiplier for cracked tensile condition 0
2 Link 8 Longitudinal bars
Linear isotropic
Ex 2.1*10
5 N/mm2
Poisson’s ratio (PRXY) 0.300
Bilinear isotropic
Yield stress 360 N/mm2
Tangent modulus 0.000
3 Link 8 Transverse bars
Linear isotropic
Ex 2.1*10
5 N/mm2
Poisson’s ratio (PRXY) 0.300
Bilinear isotropic
Yield stress 240 N/mm2
Tangent modulus 0.000
4 Solid 45 Steel plates and sections
Linear isotropic
Ex 2.1*105 N/mm2
Poisson’s ratio (PRXY) 0.300
Behavior of reinforced concrete columns strengthened by steel jacket 205Summary of specimen item and corresponding element
type, material number and real constant number are given in
Table 4 while the material properties for each used element
are shown in Table 5.
Building the model
Figs. 6–11 show models’ geometry after building. Half the col-
umn height is considered during creating the models for all
specimens beneﬁting from the column symmetry and takingFig. 6 Model for specimen Col.00.into account the correct simulation of the boundary conditions
and loads.
Boundary conditions and loads
The boundary conditions were chosen to simulate the experi-
mental conditions. The horizontal translations of all base
joints were restrained in the three directions. Figs. 12 and 13
show boundary conditions and method of loading of specimen
respectively.Fig. 7 Model for specimen Col.01.4L.3P.
Fig. 8 Model for specimen Col.02.4L.6P.
Fig. 9 Model for specimen Col.03.C.3P.
Fig. 10 Model for specimen Col.04.C.6P.
Fig. 11 Model for specimen Col.05.Pl.
Fig. 12 Boundary conditions.
Fig. 13 Loading specimen.
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Experimental results
Modes of failure and failure loads
Modes of failure and failure loads varied depending on the
conﬁguration of steel jacket as well as its arrangement.Because the strengthening elements covered most of specimen,
it was not possible to observe either the initial cracks or the
cracking load for specimens. So, only failure load was
recorded. Failure load is considered the maximum recorded
load during testing and at which specimen could not carry
any extra load. Table 6 gives the failure loads for all specimens
Table 6 Failure loads for all specimens.
Specimen Failure load Pu (kN) Pu/Pu(Ref.)
Col.00 (Ref.) 1255 1.00
Col.01.L.3P 1821 1.45
Col.02.L.6P 1649 1.31
Col.03.C.3P 1545 1.23
Col.04.C.6P 1841 1.47
Col.05.Pl 1489 1.19
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Fig. 15 Load–displacement relationship for all specimens.
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men (Col.00) while Fig. 14 focuses on the damage observed in
each specimen at failure.
Specimen Col.00. Behavior of both reference columns was sim-
ilar. As the load increased, inclined cracks started to appear
near the upper part of the column head. The cracks increased
in number and became wider with the increase of the load. At
approximate 92% of the failure load of the column (1140 kN),
concrete cover spalled off and a visible buckling of longitudi-
nal reinforcement with outside buckling in the transverse rein-
forcement (stirrups) occurred from one side as shown in
Fig. 14a. When the load reached 1250 kN, crushing damage
was observed and total collapse of specimen occurred.(a) Specimen Col.00 (b)Specimen C
(d) Specimen Col.03.C.3P (e)Specimen C
Fig. 14 Failure in alSpecimen Col.01.L.3P. As the load increased, small cracks
started to appear just under the loading plate. Further increase
in the load resulted in major cracks in the lower part of
column. Then at approximate 98% of the failure load
(1780 kN), concrete cover started to spall off, revealing
buckling in both vertical reinforcement and corner angles. Atol.01.L.3P (c)Specimen Col.02.L.6P 
ol.04.C.6P (f)Specimen Col.05. PL 
l tested specimens.
Table 7 Failure load and the corresponding displacement for
all specimens.
Specimen Failure load Pu (kN) Disp. d (mm) d/dref.
Col.00 (Ref. specimen) 1255 4.24 1.00
Col.01.L.3P 1821 0.89 0.21
Col.02.L.6P 1649 1.55 0.37
Col.03.C.3P 1545 1.46 0.35
Col.04.C.6P 1841 0.93 0.22
Col.05.Pl 1489 2.45 0.58
208 M.F. Belal et al.failure load (1821 kN), the welding of the bottom batten plate
ripped off because of the lateral expansion of concrete as
shown in Fig. 14b causing an explosion sound.(a) Col.00
(c) Col.02.L.6P
(b) Col.04.C.6P
Fig. 16 Deformation of alSpecimen Col.02.L.6P. This specimen started with minor
cracks located under loading plate. In the bottom part of
column, major cracks were formed because of concrete lateral
expansion. As the load increased, cover spalled off and the
welding of the two batten plates located at bottom ripped
off. This occurred at approximate 1649 kN as shown in
Fig. 14c.
Specimen Col.03.C.3P. Typical small inclined cracks appeared
in the upper part of column under loading plate. The cracks
increased in number and became wider with the increase of
the load. At approximate 1480 kN a noticeable buckling
occurred in one ﬂange of the jacket and its web accompanied
with major crack causing cover to spall off .Finally, the spec-
imen failed at about 1545 kN as shown in Fig. 14d.(b) Col.01.L.3P 
(d) Col.03.C.3P
(b) Col.05.Pl
l models at failure load.
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Fig. 17 Load–displacement relationship for all models.
Table 8 Failure load and the corresponding displacement
using ﬁnite elements.
Specimen Failure Load Pu (kN) Disp. d (mm)
Col.00 (Ref. specimen) 1215 4.10
Col.01.L.3P 1918 1.07
Col.02.L.6P 1679 1.96
Col.03.C.3P 1609 1.79
Col.04.C.6P 1862 1.24
Col.05.Pl 1516 2.20
Behavior of reinforced concrete columns strengthened by steel jacket 209Specimen Col.04.C.6P. Typical small inclined cracks appeared
in the upper part of column under loading plate. As the load
increased, major cracks start to appear in lower part and
became wider causing the cover to spall off revealing reinforce-
ment. Finally, the specimen failed at approximate 1841 kN
with a minor buckling in bottom batten plates and channel
ﬂange as shown in Fig. 14e.
Specimen Col.05.Pl. This specimen was strengthened using
steel plates covering all faces of the column and connected
together with vertical plates. So, it was not possible to monitor
neither concrete cracks nor reinforcement behavior ‘‘whether it
buckled or not’’. At the test end, a remarkable buckling
occurred at one side of specimen in the upper part while a
slight one occurred at another side causing failure as shown
in Fig. 14f.
Factors affecting failure load
Shape of steel jacket
All strengthened specimen have the same cross sectional area
and improved the load carrying capacity compared to theTable 9 Comparison of failure load for all models.
Model Failure load Pu (kN) PEXP/P
EXP. F.E.
Col.00 (Ref.) 1255 1215 1.03
Col.01.L.3P 1821 1918 0.95
Col.02.L.6P 1649 1679 0.98
Col.03.C.3P 1545 1609 0.96
Col.04.C.6P 1841 1862 0.99
Col.05.Pl 1489 1516 0.98reference specimen. Specimens Col.04.C.6P and Col.01 L.3P
gave the highest failure load of 1841 kN and 1821 kN, respec-
tively, corresponding to an increase of 47% and 45% as com-
pared to the reference specimen. Specimen Col.02.L.6P failed
only at 1649 kN with an increase not more than 31% and spec-
imen Col.03.C.3P recorded only 1545 kN (23% increase) while
specimen Col.05.PL gave the lowest value for strengthened one
with 1489 kN (only 19% increase). As noticed, the specimen
entitled ‘‘PL’’ has thinner plate thickness than other strength-
ened specimens ‘‘4L and 2C series’’, thus a large deformation
and buckling occurs in it. The same behavior was noticed in
specimen Col.03.C.3P which has a large deformation in the
upper end of specimen.
Number and size of batten plates
Batten plates used to connect the steel elements (2C or 4L)
were chosen to have the same cross sectional area. Three
150*100*5 mm plates were used for two specimens and six
150*50*5 mm plates were used for the other two.
For the columns strengthened with four angles, the increase
in the size of batten plates increased the column capacity, due
to the improvement in conﬁning stress. The failure mode
included buckling of the angles as well as local buckling of
reinforcement bars between the batten pates.
Numbers of plates have a good effect on failure load in 2C
series, increasing number of plates from 3 to 6 improved failure
loads signiﬁcantly. This is because of the continuity of the
channel section all over the specimen height in two faces which
protected the specimen from spalling by increasing the conﬁne-
ment especially at the bottom part of the column.
Factors affecting load displacement relationship
Load displacement relationship was drawn for each specimen
during testing. Fig. 15 presents load versus experimental dis-
placement curves for all tested specimens. Table 7 gives the
failure loads with the corresponding measured displacement.
It also provided the ratio between strengthened specimen dis-
placement just before failure and that for reference specimen
(Col.00).
All strengthened specimens failed at a lower value of dis-
placement than the reference specimen. Fig. 15 shows the
load–displacement curves for all specimens. All specimens
behaved linearly up to about 50% of their failure load. For
Col.00 specimen, displacement was 4.24 mm. For strengthened
specimen, specimen Col.01.L.3P showed least displacement
value of 0.89 mm which is 21% of that recorded for reference
specimen. Also, specimen Col.04.C.6P gave a displacement of
0.93 mm which was 22% of reference specimen displacement.
The displacement increased for specimens Col.02.L.6P andF.E. Displacement d (mm) dEXP/dF.E.
EXP. F.E.
4.24 4.10 1.03
0.89 1.07 0.83
1.55 1.96 0.79
1.46 1.79 0.82
0.93 1.24 0.75
2.45 2.20 1.11
(a) Col.00 (b) Col.01. L.3P
(c) Col.02.L.6P            (d) Col.03.C.3P 
 (e) Col.04.C.6P (f) Col.05.PL
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Fig. 18 Load–displacement relationship obtained from both experimental and analytical results.
210 M.F. Belal et al.Col.03.C.3P and reached 1.55 and 1.46 mm, respectively which
is 37% and 35% of reference specimen displacement. Specimen
Col.05.Pl gave the highest value with 2.45 mm which was 58%
of reference specimen.
Effect of shape of steel jacket
To discuss the effect of each parameter on the lateral displace-
ment, it is preferable to compare between specimens in a speciﬁc
load value and the corresponding displacement.As noticed from
Fig. 15, when comparing between specimens at load value of
1255 kN (failure load of Reference specimen Col.00), the dis-
placements for specimens Col.01.L.3P, Col.02.L.6P,
Col.03.C.3P, Col.04.C.6P and Col.01.Pl are 0.18, 1.00, 0.70,
0.36 and 1.37 mm, respectively. As noticed, the average 4 angles
strengthened specimens displacement is 0.59 mm while that for
channel strengthened specimens displacement is 0.53 mmwhichmeans that strengthening using angles or channels has a minor
effect on the lateral displacement. However, using only steel
plates for strengthening is not recommended since it increases
the displacement by about 246% than that for strengthening
using either angles or channels.
Effect of number and size of batten plates
It can be observed from Fig. 15 and Table 7 that the effect of
number of batten plates on the load–displacement relationship
depends on the shape of the main vertical steel element. For 2C
series, specimen Col.04.C.6P gave a lower displacement than
specimen Col.03.C.3P by about 36%. For 4L series, specimen
Col.02.L.6P gave a higher displacement than specimen
Col.01.L.3P by about 11%. This phenomenon requires further
testing in order to properly investigate the effect of the batten
plates.
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Modes of failure
Behavior of numerical models for all specimens including
cracks, deformed shapes and failure loads was recorded. It
was noticed that cracked/crushed concrete elements were
located in the area near column head while cracks have less
concentration near the middle of the column height. Fig. 16
shows the deformation of all models at failure load.
Deformed shapes shown in Fig. 16 illustrate failure location
in models for both concrete and steel jacket. In 4L series,
deformation for both models was in the lower part of column;
also in this part concrete elements were crushed causing a
failure in the column. In 2C series, Col.03.C.3P had a large
deformation in concrete and a noticeable buckling in steel
jacket and batten plate in the upper part of column, while
the Col.04.C.6P failed in the lower part with concrete element
crushing and buckling in steel jacket. Model Col.05.Pl failed in
upper part by a large deformation in steel jacket combined
with crushing in concrete element. In all models; cracks started
to develop in elements located just under loading plates. As the
load increased, the cracks increased in number and width.
Load displacement relationships and failure loads
Fig. 17 gives the load–displacement relationships for all mod-
eled specimens. Table 8 gives the failure loads with the corre-
sponding measured displacement.
As in experimental results, all strengthened models gave
higher loads than reference one. Reference model (Col.00)
failed at the lowest load (1215 kN) combined with the largest
displacement value of 4.10 mm. Strengthened model
(Col.01.L.3P) failed at 1918 kN which was higher than refer-
ence one by 58% with 1.07 mm displacement which equals
26% of that for reference specimen. Model Col.02.L.6P
recorded only 1679 kN as failure load which was higher than
reference one by 38% and 1.96 mm as displacement (48% of
reference specimen). Model (Col.03.C.3P) failed at a load of
1609 kN which was higher than that for reference by 32% at
a displacement of 1.79 mm which equal 44% of reference
model. Model Col.04.C.6P’s failure load was 1862 kN which
means 53% increase in the failure load occurred when com-
pared with the reference model. Its recorded displacement
was 1.24 mm which was 30% of the reference model. Finally,
model Col.05.Pl gave 1516 kN as failure load which was higher
than reference by 25% and 2.20 mm as displacement which
was 54% of reference value.
Comparison between experimental and analytical ﬁnite elements
results
Table 9 shows the failure loads and their corresponding dis-
placement for both experimental and analytical results with
the ratios between them. Figs. 18a to 18f illustrate the load–
displacement curves for all experimental specimens and the
corresponding analytical model.
From Table 9, it can be noticed that all F.E models gave a
higher failure load compared to their counterparts in the
experimental test except for model Col.00 (reference speci-
men). It can be observed that the percentage in failure load dif-
ference varies between 95% and 103% with an average of 98%and standard division about 2.65% only. When comparing dis-
placement values at failure loads, a maximum difference of
about 25% was observed between experimental and analytical
results with mean value of 89% and standard division about
13.5%.
When comparing the load–displacement curves obtained
from the experimental results with those obtained from the
ﬁnite element models as shown in Fig. 18, an excellent match
can be observed. The only difference is that the analytical
results did not record the post-peak deformations after failure
loads as shown in ﬁgure.
Conclusion
Based on the experimental and analytical results, the following
conclusions may be made:
 Using steel jacketing techniques for strengthening RC
columns has been proven to be effective since it increases
the column capacity to a minimum of 20%.
 The failure mode of the control reinforced concrete column
was brittle while strengthening with steel jacket changed
failure mode to be more ductile.
 Specimen strengthened with angles or channel sections with
batten plates recorded a higher failure load than that
strengthened with plates.
 Increasing number of batten plates in 4L series did not help
increasing failure load, while it increased failure load for 2C
series.
 Using C-sections with batten plates or plates only in
strengthening concrete columns needs cautions due to the
buckling consideration of their thin thicknesses.
 4L series encountered less deformation than other
specimens.
 As the surface area of concrete covered by steel jacket
increases the effect of conﬁnement also increases.
 The simulation of strengthened RC columns using F.E
analysis in ANSYS 12.0 [1] program is quite well since
mode of failure, failure loads and displacements predicted
were very close to those measured during experimental
testing.
 For strengthened models, F.E package ANSYS 12.0 [1]
overestimated failure loads compared to experimental
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